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ThIN CIRRUS CLOUD OVflR ThE TROPICAL PACIFIC

1. INTR ODUCTION

In this study, the problem of the existence of tenuous cirrus i~
the, tropical Pacific has been pursued. Defining the existence and ~;i ~~~

.

bability of occurrence of thin cirrus clouds is important because c~ ti~:

requirement that there be a natural transition from laminar to turbuhn.

flow over reentering objects, which normally occurs around 10 km. Mic.to-

scopic roughening of the RV surface caused by impac of isolated hydrG-

meteors can be sufficient to trigger transition and herehy t~ inva 1i..~ate

the experiment. According to one estimate, there will be an intolerable

risk of premature transition above a 10 km height whenever particles

larger than 80 microns occur in concentrations of more than 1 m 3. A

“severe-clear” case or the absence of any detectable ice particles is

therefore required above 10 km.

Because of the sparcity of direct measurements, it is difficult to

define the atmospheric environment in the vicinity of reentering vehicles

for the purpose of evaluating natural atmospheric effects on them. The

attempt of identifying cirrus clouds along reentry paths is further corn-

plicated by the multiple of their possible crystal sizes, shapes, orien-
tations, numbers and densities. Consequently, a sensitivity study of

various remote sensing techniques for quantitative measurements of thin

cirrus clouds is required.

The advantage of using remote sensors is that they provide continu-

ous information on cirrus properties in the vicinity of actual reentries.

U sing in situ measurements in the reentry area, on the other hand , can
cause possible dangers from the reentering object. However, remote

sensors provide only certain quantities that are often difficult to

relate uniquely to standard atmospheric parameters. Assumptions have to

be made in order to retrieve all the cirrus cloud quantities: height,

thickness, ice water content, crystal size and concentrations, etc.

Theoretical estimates, based on optical properties of ice crystals and

radiative transfer computations, are carried out to predict the minimum
detectable number density of ice crystals for various remote sensors.

The standard tropical atmosphere is used as ambient conditions to simu-
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late Kwajalein atmosphere. The various remote sensors discussed in this

report include (1) eyeball detection at surface, (2) eyeball detection

from aircraft altitude, and (3) infrared (6.7 pm wavelength) sensor from
space. Capabilities of radar and lidar some common active sensors being

operated at Kwajalein, are presented in Appendix A and B , respectively.
In Section 2, the radiative transfer technique to calculate atmo-

spheric radiance (Litensity) is summarized. The method includes the

• contribution of absorption due to atmospheric gaseous constituents,
multiple scattering due to both the cloud particles and molecules, and sur-
face reflection.

In Section 3, the optical proper ties of ice crystals , which are
essential input for the radiative transfer computation, are presented.

In this section, results of long circular cylinders are used; computations

for ice spheres are also included for comparison . Since the sphere corn-
putation is far simpler and us es less computer time , may be that some
correlation factor can be defined between an ice sphere and c~ 1in öer to
reduce computational complexity. Furthermore , a Deirmendjia n size dis-
t ribution function (1964) is presented t compare with monodisperse size
distribution.

In Section 4 , the results of detectability of thin cirrus layers
of di fferent sensors are presented and compared . In the visible spec-
tral range , both the sun angle and observation angle can affect the
detectability. At IR wavelength , the antenna angle plays an important
role. Such dependences are also shown in this section.

Future recommendations for detecting thin cirrus are presented in
Section 5. Observations both from aircraft and satellite sensors are
considered. Finally, a probability study of severe-clear versus tenuous

cirrus cases over Kwajalein is presented in Appendix C. Available data

sets include surface weather observations, upper air soundings,~~)MSP

satellite images and RAOB reports over the calendar year 1975. Optimum

months of the year for scheduling a severe-clear shot are discussed.
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2. ThE RADIATIVE TRANSFER MODEL

The radiative transfer model prov ides a moans of theoretical esti-

mates of the radiance (intensity) received at either the surface or from

aircraft due to the downwel ling radiation or a space vehicle due to the
upwelling radiation through an atmosphere either clear or with clou&Is .
Radiance estimates are calculations of the amount of electromagnetic

energy emitted at the frequencies considered. The total energy receive ’~
(sensed) represents the combined effects of emission, absorption and

scattering of the atmosphere within a field of vie~ . In the visible and

infrared spectral range, the atmospheric absorption ffect ic due to ~.he

presence of water vapor, mixed gas, ozone, nitrogen and aerosol; the

scattering effect is both aerosol and molecular. The presence of clouds
further complicates the problem due to their discrete scattering and

absorption properties within the cloud layers.

= The formal relation which describes the passage through a medium is

the equation of radiative transfer. It governs the radiation field in a

• medium which absorbs, emits and scatters radiation. The most general

form of the equation of radiative transfer for a plane-parallel atmo-

sphere, assuming axial symmetry about the zenith direction, can be
written as (Chandrasekhar, 1960):

dI(r,p) 
= I ( t ,p)  -

where p = the cosine of the vertical zenith angle,
= the optical 4epth defined as

• 1
J y (z ) dz , y being the total extinction coefficient
~ ext ext

at altitude z above the surface, representing the sum of
both scatteri~g and absorption effects ~~ext 

Yscatt
~

P
abs)

I = the radiance (intensity), and

J = the source function of radiation.

• The ~ource function can be written as •

J(t ,p) = J0(T , p )  + 1/2 p(p,p’) I(t,p ’)dp ’

where p(p,p’) = the phase function, and

= the primary excitation source function.
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The explicit dependence on wavelength has been suppressed .

• The phase function is normalized to represent the total energy scat-
tered by a single scatterer relative to the sum of the energy absorbed
and scattered by the particle:

1 1
(
211

• 
. 

• L ‘, p( ii , q ;p ’ ,4 ’ ) d p ’d~ ’ = < 1

where ~ the single scattering albedo defined as 
~sca’~ext~

For- an isotropic scatterer , the scattering is independent of angle
and p = constant = 

~~~
,,. For ice crystals , the scattering effect is largely

in the forward direction. The phase function for an anisotropic scat-
terer can be written as

p = w 0 ( l + 3 g )  
•

.where g is the assymmetry factor. The value of g varies from -1 (cotally
• backward) to 1 (totally forward) with 0 beirg the isotropic case. The

determination of ~~~~~~ g and t will  be prec ;nted in Section 3.

In order to simplify the anisotr~pic scattering, similarity trans-

formation relationships given by van de Hulst (1967) are adopted to
approximate anisotropic scattering. Given the assyminetry factor g, the

single scattering albedo *~~~~
- and optical depth T’ are transformed to

• 

• 
~~~~~~

‘ = 

~l _ u ~0g~ ~o

• and r ’ = t(l - I~0
g)

and t ’ are the single scattering albedo and optical depth one would

have to assume in an isotropic scattering problem in order to obtain

results similar to those for and T in the anisotropic scattering medium .

The term yet to be defined is the primary source function. It is a

• 
. 

function that varies for different wavelengths. In the visible spectral

range, it is the solar radiation field such that

• J
0

(T) = F e
’
~~~”0

where irF is the primary solar flux reaching the earth ’s upper atmosphere
at the wavelength considered, is the cosine of the solar zenith

7
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angle and p is the phase function. In the case of isotropic scattering,
p is reduced to w0, the single scattering albedo. In the thermal infra-

• red range, the source function can be written in terms of the Planck

function, assuming local thermal equilibrium, such that

J0 (1-u 0)B 
-

where the Planck function B is a function of wavelength and tewpera~.u~ ’.
After solving for J(T), the upwelling and downwelling radiance~ can

be written as:

I(t,p) = I(T*,p)e * _ T )~~~ + J(t) e t T ~ ~ dt/~

and - I(t,-p) = I(o,_p)e
_T/’

~ + Io
T
J(t ) e

_ er_t) /P dt/p (p > 0)

respectively, where I(T*,p )  = the upwelling radiance from the bottom of

- the atmosphere (i.e., the surface), I(0,-p) = ‘the downwelling radiance

from the top and ~ is the total optical depth of the atmosphere considered

(from space to surface).

I(T*,u) has two contributions: (1) surface emission and (2) surface

reflection. For a surface reflectivity R

* I
1e1

*,p) = (1 - R)BSUrf
(1

I
2

(T ,~~~ = 2.R.J0 I(T*,_p )p~dp ?

- where I~ = 0 in visible range and 12 assumes a Lambertian surface; there

will be an “isotropic” reflection independent of the incident angle on the

surface. 
-

I 

- 
• The variational-iterative (VI) approach (Burke and Sze, 1977; Sze,

1976) is used to solve this system of equations. The variational method

dépet~ds on finding the “extremum” of a certain functional; an a priori
form is used for the unknown function and the coefficients are found from

a set• of minimizing conditions. In essence, this method provides a direct
way for constructing an approximate solution for the source function. The

atmosphere is divided into subintervals and the source function is approxi-

• mated as a combination of step functions in different intervals. The

advantages of this technique arc that: (1) it is fast and requires little

8
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computational time to achieve satisfactory accuracy, and (2) it allows

vertical inhomogeneity and the inclusion of surface effects. The detail

of the variational-iterative technique for solving the radiative transfer

equation is presented in Appendix D.
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3. OPTICAL PROPERT I ES OF ICE CRYSTA LS
• AND THE BACKGROUND ATMOSPHERE

• Cir rus clouds are usual ly  considered to consist of ice cylinders
randomly oriented in the horizontal plane. The optical properties of

ice cylinders both in the visible and JR regions are poorly known . Ver :- ’
few experimental results are avai lable; moreover , because of th~ great
deal of analytic diff i cul t ies  in scattering computations for nori- spheri al
ice crystals , there are insuff ic ient  theoretical results available.

• The computations of the assymmetry factor g , the single scattering
• albedo w and the ex t inc t ion  coefficient  y (km~~ , in t~ie - ‘isibic and

0 ext
infrared regions for a sample of ice cylinders hav e been carrieu out by

• Roewe and Liou (1978 , and private communication , 1978) . The cylinders
considered arc 200 pm in length and 30 pm in radius with a mean monodis-
perse concentration of 0.05 cm ’3 . The extinction coefficient is defined as

2‘
~
‘ext Jo ‘ffN (r) next r dr

-: where N(r) dr is the drop size distribution function (per unit volume
with radii between r and r + dr). next is the Mie efficiency factor for

I extinction which is a function of wavelength , radius and complex index

• of refraction and r is the drop radius. For a monodisperse size distri-

bution it becomes

text = ~~~~~ next

where n is the number density . Thus, for a monodisperse distribution,

is linearly proportional to the concentration such that it is easy

to obtain 1ext values for other concentrations. •

Similar computations were carried out for ice spheres using the Mie

theory (Dave, 1968; Gaut and Reifenstein, 1969). Figures 3-1 and 3-2

are results for wavelength 0.7 pm and 6.7 pm in the visible and infrared

regions, respectively. The spheres range from 10 pm to 60 pm in radius

I with a mean concentration of 0.05 cm 3 in each case.

• A 200 pm/30 pm cylinder is equivalent (in volume) to a 50 pm radius

sphere. By comparing Table I and Figures 3-1 and 3-2, it is noticed that
p 

the values of and g are similar but next (km~~) for cylinders is higher
-; 

- 

than that for spheres of equal volume by 50% to 150%. Therefore, for a

L I  
_ _ _ _  
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t~nn of 0.05 cm

3 at A = 0 . 7  pm. For radius of 50 pm ,
the extinction coefficient 
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tion of 0.05 cm at A = 6.7 pm. For radius Qf 50 pm ,
the e x t i n c t i o n  coefficient  is  0.85 km ’.
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TABLE 1

OPTICA L PROPERTIES OF ICE CYLINDER S
IN THE SOLAR AND INFRARED BANDS*

X( p m) •fext(klfl
’) wo g = <cosO>

0.3
0.5 -

0.7 1.141 1.0 0.799
0.94
1.10

1 1.280 0.783 0.750

2.7 1.357 0.901 0.753

3.2 1.259 O....4 0.651 
—

4.3 1.416 0.542 0.675

6.3 2.082 0.511 0.791 
-

•

10.0 1.437 0.531 0.857

15.0 1.467 0.527 0.671

18.69 1.556 0.554 0.729

*Cylinders, 200 pm in length, 30 pm in radius, 0.05 cm 3 concentration.

(Liou, private communication , 1978)

Ii
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defined mass of ice particles, the cyl inders will certainly dominate the
optical properties to a greater extent than would the equivalent mass
for spherica l particles . Using the same kind of scaling , a new set of
optical properties is defined for ice cylinders with size of 100 u in

length and 10 p is radius. Table 2 summarizes values of text’ ~ 
and g

of these cylinders with a monodisperse distribution of .05 cm ’3.

Furthermore , the size distribution of ice particles should also oe

considered . In reality, a monodisperse size distribution does not exist

for cloud particles . The particular form of the dro p size distribution

is empirically determined. For the purpose of this study the Deirmend-
jian (1964) size distribution, which is the most ger .~ral specificatiou

for cloud droplet spectra, is used:

N(r) = A ~
C1 exp (-B rC2

It characterizes the distribution in terms of four parameters; two of

which (A and B) are scale parameters, the others (C1 and C2) being shape
parameters . For high altitude fair weather cirrus , values of C1 6 and
C2 = 0.5 are generally accepted. Figure 3-3 is a spectrum of number
density versus spherica l radius using the Deirmendj ian dist ribut ion

— 

formula. The cirrus cloud is assumed to have a density of 0.0125 gm/rn2

with mode radius 20 pm. The total number density is computed at 0.056/cc.

It is shown that 70% of the particles have radii greater than 20 urn. The

ext inct ion coefficient of this distribution is equivalent to that of a
monodisperse distribution of the same number density with a radius of

35 pm. -

Based on the preceding arguments , an ensemble of cirrus particles
of both cylinders and spheres (a coagulation of crystals or smaller

• cylinders) can be assumed to have a Deirmendjian type of size distribu-
tion. In such an ensemble, the optical properties of cylinders will

dominate. It is then assumed that the values for 100 um/lO pa particles

can be used to represent an ensemble of particles with 50% of then greater

than 80 pm, the critical size which will be hazardous to the RV transition.
t 

The single scattering albedo and the asymmetry factor depend on the
distribution and physical properties of the cloud particles. Th. total

• optical depth of the cirrus layer on the other hand, is proportional to

the product of the number density and layer thickness. For example,

14 
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TABLE 2

OPTICAL PROPERTIE S OF CIRRUS AT WAVELENGThS
0.7 pm AND 6.7 pm

• (Ice crystals of 100 pin/lO pm in size with a
monodisperse distribution of 0.05 cm ’3 is assumed.)

X(p m) Text~~ m
_ l

1 - g

0.7 0.329 1.0 0.8

6.7 0.690 0.5 0.8

15 
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Figure 3-3 Deirmondjian size distribution of particles with mode radius of 20 pm
(C1 = 6, C

2 
= 0 . 5 , densi t y = 0.0125 gm/rn3) .
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4 -3 . . 3 -310 in concentration of a 1 km path is equivalent to 5 x 10 m concen-
— tration for a 2 km layer or 2 x 1O4 rn ’3 for a 1/2 km layer if the ambient

atmospheric conditions in the region of cloud insertion do not vary much.

A cirrus cloud layer of 1 km (from 13 km to 14 kin) is used for model
- computation. Once the cirrus properties are defined, they are combined

with the background atmosphere to obtain a new profile of atmospheric

• opacity and single scattering albedo at all altitudes.

The optical properties of a cloudless atmosphere are obtained from

a modif ied version of LOWTRAN 3B , a program developed at AFGL by Selby
et al. (1976). This program has been modified at ERT such that it pro-
vides information on the atmospheric opacity and single scattering albedo
at all altitudes.

Basically, LOWTRAN 3B provides a prediction of the vertical or hori-
- 

• zontal transmittances of the atmosphere over a broad spectral range
(0.25 to 28.5 pm or 350 to 40000 cm~~) with resoluti~- ..apability of

20 cm~~. Contributions of atmospheric transmittance include the absorp-

tion of water vapor, uniformly mixed gases, zone, nitrogen (~‘4 pm), and

water vapor continuum (“40 pm), as well a.. molecular scattering and

extinction and scattering for differe1it aerosol models. In each case,
• the abundances of each species at all levels are provided; the absorption ,

* scattering or extinction coefficient is computed for each species at
different spectral regions. The uniformly mixed gases include CO2, N20,

CH4, CO and 02. The mixing ratio of these gases remains constant at all

levels. The aerosol number density at each altitude for any given visual

range can be prescribed as an input parameter. In addition, the solar
zenith angle, is also included. Furthermore, the program provides six

• 

different types of atmospheres to choose from - tropical, mid-latitude

summer, mid-latitude winter, subarctic summer, subarctic winter, 1962
• I standard atmosphere and a user-prescribed atmosphere.
-
= A visibility of 23 km is selected as a clear, low haze atmosphere.

- 

- - 
The tropical atmosphere is used to represent Kwajalein environment.

The combined information, together with the choice of observer angle and

background reflectivity will then go through the radiative transfer model

to perform_multiple scattering computations.
Tables 3 and 4 are sample atmospheric profiles of optical depth

and single scattering albedo at 0.7 pm. Table 3 is a case of clear

17
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atmosphere with a visibili ty (visual range) of 23 km. Table 4 is the
- same atmosphere with a 1 km cirrus layer (13 km - 14 kin) with a concen-

tration of l0~ m 3 of particles greater than 80 pm . The total optical

depth in a clear atmosphere is 0.247, which is equivalent to a transmit- 
—

~ 
tance of e °~

247 0.78 at the surface. The total optical depth with

the insertion of the cirrus cloud is 0.260; equivalent to a reduced

transmittance of e’°’26° = 0 .77  at the surface . The single scattering
• albedo in the 13-14 km range is changed from 0.892 to 0.978 indi cating

a layer of more scattering effect. Both changes in the optical depth

and single scattering albedo will affect the radiam~es at surface or in
space. The computations of such changes are carried out in Section 4.

I -I

r
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4. DETECTABILITY OF THIN CIRRUS LAYERS
BY REMOTE SENSIN G TECHN IQUES

Theoretical estimates to predict the minimum detectable number den-
sity of ice crystals for various remote sensors are carried out in this
section. The standard tropical atmosphere with a visual range of 23 km

is used as ambient ‘-onditions to simulate Kwajalein atmosphere. The

various remote sensors include ( 1) eyeball detection at the surface, (2)
eyeball detection from an aircraft altitude (8-10 km), and (3) infrared
(6.7 pm) sensor from space. A 20% surface reflectivity is assumed • for
the visual range. In the infrared region, the surface is assumed to be
a perfect emitter. The optical properties of ice crystals derived from

Section 3 are used as input conditions for the radiative transfer compu-

tations.

4.1 Eyeball Detection at Surface

Visual detection from the ground is th most direct and unbiased

way of detecting tenuous cirrus in the r..~ntry path . The computation of
irradiances from cirrus clouds as conipared to clear sky in the visible

spectral range provides a means of estimating the detectibility of such

cirrus by naked eyes.

Figures 4-1 to 4-4 are results of relative intensities with respect

* 
to clear atmosphere versus various concentrations of cirrus particles
larger-than 80 pm . A 1 km (13 km - 14 kin) thick cirrus layer is assumed.

Results of a 500 m layerare also presented assuming that the ambient

conditions do not vary within the 13-14 km region. A minimum contrast of

10% (i.e., 10% brighter or darker than clear sky) is assumed as required
for detecting the existence of cirrus visually. Figure 4-1 demonstrates

results of the case when the solar zenith angle (cos~~ p~ ) is 0° and the

look angle from zenith (cos~~ u) is 37°. A minimum concentration of 1.5

x 10’~ m
3 (1 km layer) is required to give the contrast change of 10%.

Figure 4-2 is the result of the case with the same look angle and the =

solar zenith angle of 530 indicating a slant sun; in this case a minimum

concentration of 1.8 x l0~ m
3 is required. Figures 4-3 and 4-4 are

results of the cases with look ang le of 66° from the zenith or 24 0 from

the horizon. Solar zenith angles of 00 and 530 are assumed, respectively.
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A minimum concentration of about 2 x l0~ rn’3 is required for a 1 km
• layer for each case to give a contrast change of 10%.

From these computations , it is sh .wn that the minimum number density
required to detect the cirrus layer is higher when the view angle is fur - —

ther away from the zenith (i.e., thin cirrus is most easily detected by
looking straight up). The solar zenith angle does not seem to vary th3

relative intensity with respect to the look angle. However, the ccr-~u-
tation only involves the radiative intensity; at low sun angles, it is

— 
probable that specular reflections from the cirrus would also contribute
significantly to its detectability.

4.2 Eyeball Detection at Aircraft Altitude

Visual detection from aircraf t is another direct way of detecting
tenuous cirr us in the ~eentry path . If it proves to be a powerful tech-

P nique , an aircraf t flight can be scheduled right before each reentry test.
The computation procedures for irradiance from cirrus cloud are the same
for both ground and aircraft observations. The detectability should be

better because most of the aerosol scattering as wel l as low clouds are
below aircraft height. At the assumed aircraft height of 8-10 km, it is

a much “clearer” atmosphere.
The same conditions are tested as in the case of ground observation.

Results are also presented in Figures 4-1 to 4-4. Assuming the same

minimum required eontrast of 10%, the results of detectability are gener-
— I al ly improved by a factor of S to 10. The minimum number density required

• for a 1 km layer at 13-14 km as viewed from an aircraft at an altitude
3 -3

— 
of 8 km is (3-4) x 10 in for all cases. Specular reflection from the

sun is not included either.

4.3 Infrared (6.7 pm) Detection from Space

Infrared sensors on-board satellites are another possible technique

for the detection of thin cirrus. The DMSP satellite has an IR (6.7 pm)
sensor on-board. This channel was evaluated for its capability to detect

• cirrus (Keegan, 1972) possibly due to the high level water vapor in the

vi cini ty of thin cirrus .
The radiative transfer computations are carried out in a similar

manner as in the visible spectral range . The differences are (a) the

26
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source function comes from the atmospheric thermal emission instead of
solar radiation, and (b) the intensity is converted to “brightness teinp-
erature” such that the sensitivity is defined by a fixed change in the
brightness temperature instead of a percentage change relative to clear

- i
- case.

A 1.5°K change froir. the ‘-lear case in the brightness temperature is

assumed to be the minimum contrast required for detecting thin cirrus.

Figure 4-5 is the results of change in brightness temperature versus

various cirrus concentrations at different viewing angles. For a straight

down looking (p = 1.0) sensor, the minimum required number density for a
1 km layer is approximately 5 x ~~ rn ”3. (Note the different abscissa

scale of Figure 4-5 compared to Figures 4-1 to 4-4.) For a sensor look

angle of 370 from vertical (ii = 0.8), the required number density is
reduced to 4 x l0~ m

’3. For angles greater than 50°, the reauired number
density is further reduced to 2-3 x l0~ m

3. In sh~~c, the infrared

sensor has similar sensitivities as aircraft observations. The minimum

- number density required for an infrared se’- ~~ in space to detect thin

cirrus decreases as the look angle from the vertical increases. However,

as the spatial resolution will be degraded when the look angle deviates

away from the vertical, changing sensor look angle away from the vertical
may not be a good recommendation for improving sensor detectability.

~ 
I
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5. CONCLUSIONS

-• From theoretical computations it has been shown that thin cirrus

cloud detected from aircraft observations or infrared sensors on-board

satellites can be invisible from the ground. However, the required con-

centration of less thes~ i of ice particles greater than 80 pm is too

low a threshold (by a factor of l0~) for virtually all the existing sen-
sors. The probability study (Appendix C) provides a statistical review

of the severe clear cases. Such severe clear cases are not established

from the threshold of 1 m’~
3 of particles greater than 80 pm but from

observations of cirrus combined with various meteorological criteria.

This study will still be useful if the requirement for severe clear is

relaxed or better sensors are developed in the future. The radiative

transfer model and computer codes developed for this s’t’ y wUl still be

valid and the results (e.g. Figures 4-1 to 4-5) ‘an still be used.
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APPENDIX A

SOME CHARACTERISTICS OF RADAR SYSTEMS AT KWAJALE IN

The purpose of this appendix is to compare the detection capabili-

ties of some of the radar systems at Kwajalein. The sensitivity to

detecting cirrus clo”c! is ~i’~~n by the value of the radar reflectivity
factor (Z). The sensitivity to scattering from clear air refractivity
index var4:bility is given by the value of the structure constant (C~

2) .
The reflectivity factor and C~

2 are related by:

0.378 (C~
2 x 1018) A”3 6 -3Z =  (nun m )

i t i l

2 .  -2/3 2where A i,s the radar wavelength in meters, C~ in m , and IK I for
ice particles is 0.209.

- Table A-l provides the minimum detectable values of Z for ic~ par-

ticles and Cn
2 at a range of 40 km for three the radar systems at

Kwajalein. Also included in the right cr umn of the table is the concen-

tration (in rn ’3) of ice particles hav i~g an equivalent melted radius of

35 pm which would be needed to give the corresponding Z value. - The con-
centrations of particles of 35 pm radius detected by the most sensitive

of the radars is about double the concentrations of ice particles which

might be seen visually from aircraft (see Section 4).

TABLE A-l

MINIMUM DETECTABLE Z AND Cn2 AT A RANGE OF 40 km
FOR SOME RADAR SYSTEMS AT KWAJALE IN

2 2’3 6 3 N (m’3 for 70 pm
• Radar A Cm) C~ (m / ) Z(rnm /m ) diameter j articles)

ALTAIR 8 1 6VCWL 1.9 4.5 x ~~~~ 2.80 x 10 2 2.3 x 105
UA 0.72 2.3 x l0 4.08 x 10” 3.4 x 10

TRADEX 1 2 5
L-CHIRP 0.2271 4.6 x l0’~~ 1.10 x l0 2 1.0 x l0~
S-NB 0.1016 2.9 x l0~ 3.91 x l0 3.2 x 10

ALCOR 15 -4 3
C-NB 0.0529 6.4 x lO~ 7.89 x 10 6.6 x 10

- 31
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APPENDIX B

DETECTABILITY OF ThIN CIRRU S FROM LIDAR

Lidar (laser radar) provides a new indirect sensor that has unique

properties for providing quantitative information on the micro- and

macro-structures of cirrus clouds along the reentry path. It provid~~
more direct information than most other remote sensors on cloud struc~’ire

(h eight , thickness and horizontal extent), cloud phase (water drop let or
ice crystal) and relative density. Realistic estimates of ice water con-

tent, crystal size and concentrations can then be ca--n ed out.

A summary of the theoretical aspect of the lidar technology was

presented by Uthes, Al len and Russell (1974). The signal output can be

related to atmospheric and lidar terms by the expression

2P(R) = KER 8(R) exp(J a(R) dr)
0

where P = received power,

E = transmitted pulse energy,

R = range from lidar,

K = lidar calibration constant,

B = volume backscatter coefficient, and
a = volume extinction coefficient.

When dealing with tenuous cirrus, the cloud attenuation can be neglected.

The cloud ice crystal number density can be estimated from

- 
N~ 

= (P / P ) ( B /C )

• where 
~
‘c’

1
~a 

is determined from the lidar signature, 8a is given by a
least-square fit of the clear-air backscatter coefficient as a function

of height Z. For the Mark IX, SRI lidar, the fo llowing relationship
holds:

8a = 6.64 x l0~~ exp(-0.102 Z)km~~sr
’4

is the average cirrus particle backscatter cross section and is esti-
mated as

C = 2 v r k a 2

32
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- where Ic is the ratio of cloud backscatter to extinction coefficient and

I a~ is the effective spherical radius of the ice crystals defined in terms

of the light.

- Because of the logarithmic sca le on lidar receiver, a 
~~~~~ 

value

of 2 (3 dB) for minimum detectable cirrus is assumed. The value k =

O.25/4ir was taken from Platt (1973). It is estimated that at a range of
- 

15 km, a minimum ni mber density of 5 x lO~ m~~ is required for lidar
detection assuming an effective spherica l radius of 20 microns for the
ice crystals.

S

< I
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APPENDIX C

ThE PROBABILITY OF CIRRUS CLOUDS AT KWAJALEIN

The attempt of establishing a probability study of severe-clear

events over Kwajalein is based primarily on routine weather observations.

Surface weather observations , upper-air soundings, DMSP satellite inS ’ e--

and RAGS reports were used to construct the original cross-section an~~v-
sis of Kwajalein for the calendar year 1975 (except five days in January
when radiosonde information was not avai lable) .  Information from these
data sources was used to determine when “severe-clea “ conditions
existed. Each day was divided into eight events or eight 3-nour Legments .
If an event had a report of no cirrus clouds visible from the surface or

if it was determined that it was unlikely that cirrus clouds extended

above the 10 km level then it would be investigated further to determine

• whether this was a severe-clear or tenuous cirrus case. The event was

labeled tenuous cirrus if the event immediately before or after it had a

surface report of cirrus clouds thus establishing a sort of “buffer zone”
requirement for clearing the atmosphere of lingering crystals after or

before the passage of a cirrus cloud. Furthermore, if there was sub-
‘ stantial convective activity in the Kwajalein area during an event, the

event was labeled as tenuous cirrus. A case was determined to be severe-
-~~ 

- 
clear when it had passed the, buff er zone requirement, there was no con-
vective activity reported and the upper atmosphere (10 to 17 km level)

was dry (dew point depressions of 10°C or more).
It is usually assumed that the highest probability of having severe-

clear conditions at Kwajalein will occur during the winter months of

December through February. Figure C-l shows the probability in percent

of having no cirrus reported as determined from surface observations
and an assessment of the dew point depressions above a height of 10 km.

Using the criteria of tenuous cirrus and severe clear as defined in the

previous paragraph the percent probabilities of these events are also
shown in Figure C-l. Note that the probability of having a severe-clear

atmosphere in March of 1975 was 27.4%; in December it was 12.5%, and in
February it was 10.7%. However, in January, even though there was tela-
tively little convective activity, there was no severe-clear case or even

a no cirrus event as defined above (five days in January were not

~~~~L ~~~ • _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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included because of the lack of data). None of the other months had a

probability of a severe-clear atmosphere of greater than 5%.

A further breakdown on the expected duration of a severe-clear

event was also carried out. In order to schedule a reentry experiment,

it is assumed that a severe-clear event should last at least five report-

ing periods (12-15 hours). February met this requirement once, March
met it five times, April met it once, and August met it once. Supr!’~ingly,

there was never an event that lasted for five reporting periods in Dece~i.

ber, which had the second highest probability of having a severe-clear

event (12.5%) . Clearly, if the 1975 data sets are :epresentative of lon ,~
term averages, March would be the optimum month for .cheduling a severe-
clear shot.

- 
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APPENDIX D

ThE VAR IATIONAL-ITERATIVE TECHN IQUE FOR
SOLV ING RAD IATIVE TRANSFER EQUATION

The source function of the radiative transfer equation described
in Section 2 can be rew~’itter as

J(t) = J (t) + f  J (t)E
1
(It-tl)dt

w (t) 
(D-l)

+ 
0

2 
- E2(•t*_t)((l_R)B(Tgr) + 2.R.J~ J( t)E 2(t*_t)dt]

(the third term is 0 in the visible range) where the exponential integral
th . .E of the n order is defined asn

En
(X) =J e”

~~
”
~
’ n-2 d p = 1,2,...

0

- • The variational-iterative technique v first developed by Sze (1976)

and extended by Burke and Sze (1977). T t provides a direct method for
• constructing an approximate solution to the integral equation for the

source function.

The VI technique provides a direct method for constructing an

approximate solution to the integral equation CD-i) for the source func-
tion. An approximate source function can be expressed as

• JaCt) = U (T)~jw (T)

• N

where U (t) = 
~ 
C~,V~,(t)i=l

and the V
1

(t) are known trial functions . The choice of trial functions
plays an important role in the ultimate success of the variational
method (Kourganoff , 1963). In the variational solution, simple step

functions were chosen as the trial functions . This choice (1) makes it
simple to perform the integrals required in (D-l) and (2) the intervals
can be chosen to resemble multiple cloud layers, the weights C

~ ‘~f l~ for
each layer represent the average source function in that layer where
is the single scattering albedo for the layer .
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The total optical depth ‘r 4 is divided into N-i intervals with
constant over each interval. The trial function then is

( 1 T . < T ~~~~~’t .

V. (t) =~~ j +l

otherwise

The C~ then are solutions of the algebraic equation

N
~ M. .C. = f.i

• where ~~ = - 
~~~~ J

’ D.(t)dr

2

0, i �j
I s. .  =
ii i, i = j  t

.t- .• ~.j+1
D. ( r )  = J E1(It-tI)dt

T

1-~ .
and ( i )  B(T( T

~
))  + _.

~~2. E2(r *_ r 1) (l-R)B(T )

The variational solution is an approximation to the actual solution

which is correct at least at one level within each layer. A smoothed

approximation for the source function then can be constructed:

H w (T)• J1(t) = J (t) + 
0
2 

E
2
(t *_ i)(l_R)B (T

5
)

• ~~~~~ 
N-i

+ 
2 - .~ C,. ~Jw. (r) D .(r )

j — 1

N—i ______ 
.r
j+l

+ wo(r) E2(r*_r ) R j l  
C~4w~ct) ,,[ F32(r 4~t)dt

Since the smoothed approximation is a summation over layers with oscil-

lating residual errors , it provides a reasonable first estimate of the
true source function. Improved accuracy may be obtained by further
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iterations of the integral equation for the source function as:

w (r )  -

I . Jn+l (T) = J (t) + 
0 E2(t*

_T)(l_R)B(Ts)

- 
w~~(T)

• + 
2 J 

E1( I t — t I ) . J ( t)dt -

• + w0(t) E2 (t*_t)  R f E 2 er *_t)J n (t)dt - -

The residue of the nth iteration is defined as

J J
A - 

fl~~~ n-i
J

- n

By specifying the maximum residue allowed, the iteration process then

brings the source function to desired accura ’-v .

-

. 

1
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